INTRODUCTION
FtsH metalloprotease, originally identified in Escherichia coli (Tomoyasu et al. 1993 ) is a member of the AAA (ATPase associated with diverse cellular activities) superfamily (Confalonieri and Duguet 1995) . Higher plants contain FtsH-like proteins located at the thylakoid membranes of chloroplasts. Plant chloroplastic FtsH-like protein is supposed to be involved in repair function by degrading D1 protein of the photosystem II (PSII) following damage caused by reactive oxygen species (ROS) that are formed in light (Melis 1999) . In fact, purified FtsH introduced into isolated PSII core complexes in vitro has been shown to degrade the 23-kD D1 fragment protein formed in the complexes during illumination (Lindahl et al. 2000) . Likewise, Arabidopsis thaliana FtsH homologue Var2 was required for the cleavage of the D1 protein in vivo (Bailey et al. 2002) . By differential screening of tobacco cDNA libraries, Seo et al. (1995) isolated cDNAs, the transcripts of which were specifically up-or down-regulated after the incompatible interaction between Tobacco mosaic virus (TMV) and resistant tobacco cultivar before the development of Hypersensitive Response (HR). The level of transcripts corresponding to a cDNA DS9 dropped dramatically during the interaction, and was revealed to encode a chloroplastic homologue of FtsH protein (NtFtsH) . A large quantity of FtsH protein accumulated in healthy tobacco leaves that decreased before the development of HR. In transgenic tobacco plants expressing low or high quantity of FtsH protein, necrotic HR lesions induced by TMV were smaller and larger, respectively, compared to those on wild-type plants (Seo et al. 2000) . On this basis, the authors suggested that a decrease in the level of FtsH protein in TMV-infected cells results in the subsequent loss of chloroplast functions and accelerates the HR. In the present experiment, with the aim to clarify the function of FtsH gene in plant defense, we have silenced FtsH by virusinduced gene silencing (VIGS) method using Potato virus X (PVX) in Nicotiana benthamiana (Baulcombe 1999; Burton et al. 2000; Voinnet 2001) . VIGS has been frequently employed as a transient and efficient gene knockout technique in plants. When PVX harboring 300-500 bp exon fragment from the host plant gene infects N. benthamiana , RNA silencing mechanism of the plant targets RNA of PVX as well as RNA transcribed from the corresponding endogenous gene, and eventually degrades them. Such PVX-infected plant develops symptoms that are phenocopies of mutations in the corresponding nuclear genes. In our experiment, FtsH -silenced plants exhibited striking bleached leaf phenotype similar to the var2 mutant of A. thaliana . However, no enhanced resistance against infection with TMV and a phytopathogenic fungus Botrytis cinerea was observed in these plants suggesting that the timing of decrease in the FtsH protein as triggered by the interaction between tobacco Ngene and TMV is critical for the HR-mediated resistance.
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MATERIALS AND METHODS
Gene silencing plasmid construction, in vitro transcription, and inoculation to plants. Total RNA from the leaves of Nicotiana benthamiana was reverse transcribed into cDNA with an Oligo(dT) 20 RT primer (TOYOBO). Using this cDNA as template, partial cDNA encoding FtsH gene was amplified by PCR with forward (DS9/U#1: 5'-CAAATGGCAGTTGCACTTGG-3') and reverse (DS9/R#1: 5'-CATCGATGAAAAGGCTCATG-3') primers designed according to the cDNA sequence corresponding to the C-terminus of FtsH protein (NtFtsH) of N. tabacum ( Fig. 1A, 1C ; Seo et al. 2000) . The PCR product (394 bp) encoding partial ORF of FtsH (Fig. 1C) was blunt-ended with T4 DNA polymerase, and ligated to the EcoRV site of the pPC2S PVX vector (Baulcombe et al. 1995) in the antisense direction to generate pTXS.FtsH (Fig. 2) . pTXS.FtsH and pTXS.GFP (Baulcombe et al. 1995; Fig. 2) were linearized by restriction endonuclease SpeI, and in vitro runoff transcripts were synthesized by T7 RNA polymerase. The transcripts were inoculated to N. benthamiana plants as described elsewhere (Saitoh et al. 2001) . Infectious particles generated from pTXS.FtsH and pTXS.GFP after inoculation are hereafter called PVX.FtsH and PVX.GFP, respectively.
Confirmation of FtsH gene silencing by RT-PCR.
Total RNA was isolated from leaf material with the Consert TM Plant RNA Reagent (Invitrogen). Twenty micrograms of RNA were treated with 5 U of deoxiribonuclease I and 20 U of ribonuclease inhibitor from human placenta (both SIGMA) for 30 min at 37°C, purified by phenol/ chloroform and chloroform extraction, precipitated with isopropanol and dissolved in RNase-free water. Two micrograms of DNase-treated RNA were reverse transcribed at 42°C for 60 min in a 20 µl reaction containing 100 U of reverse transcriptase (ReverTra Ace, TOY-OBO), 1 mM each of dNTPs and 250 nM oligo(dT) 20 RT Primer (TOYOBO). Resulting RT reaction (0.5 µl) was used as template for PCR in a 20 µl reaction containing 0.5 U of TaKaRa Ex Taq TM (TaKaRa), 62.5 mM each of dNTPs and 500 nM each of forward (NbDS9-U1: 5'-CTTC-CAACTTCATGGGTTCT-3') and reverse (NbDS9-L1: 5'-GAAAAGAGTAAAGCAGCTAAAG-3') primers. As a control to show the equal amount of cDNA template in each reaction, PCR for ribulose 1,5-bisphosphate carboxylase small subunit gene (rbcS), a constitutively expressed gene, was included (Genbank accession number Z02353). The primer set used for amplifying the partial fragment of rbcS is; rbcS-U1 (5'-CCTCTGCAGCAGTTGC-CACC-3') and rbcS-L2 (5'-CCTGTGGGTATGCCTTCTTC-3'). After the initial denaturation (2 min at 94°C), PCR was run for 27 to 30 cycles of 60 sec at 94°C, 30 sec at 55°C and 1.5 min at 72°C. PCR products were separated on a 2% agarose gel and visualized by EtBr staining. Pathogen challenge. TMV-U1 inoculation to N. benthamiana leaves and detection of accumulated TMV by western analysis with rabbit anti-TMV IgG were performed as described (Chen et al. 1996) . Infection of N. benthamiana leaves with B. cinerea is described below. Mycelium of B. cinerea strain S1, the gray mold fungus, was grown on potato dextrose agar (Nissui) for 14 days at 25°C to induce spores. Ten microliters of fungal spore suspension (1 × 10 5 spores / ml) in PS medium (the supernatant of boiled potato tubers: 200 g potato tuber / 1 l water containing 20 g sucrose) were spotted onto detached leaves of N. benthamiana, and kept for 4 days in a humid dark chamber at 25°C.
RESULTS
Plant inoculation with PVX.FtsH. A partial sequence of cDNA encoding FtsH protein was amplified from N. benthamiana leaves by RT-PCR. The amplified fragment corresponded to the C-terminus (corresponding to the sites 569-699 in NtFtsH protein) of FtsH (Fig. 1A , 1C; Seo et al. 2000) . The fragment was cloned into PVX vector in the anti-sense direction to generate pTXS.FtsH (Fig. 2) . In vitro runoff transcripts were synthesized from pTXS.FtsH and pTXS.GFP, and inoculated to N. benthamiana plants. Seven days postinoculation (dpi), PVX.FtsH-infected plants exhibited leaf variegation on the non-inoculated upper leaves (third to fourth leaves above the inoculated one). Twenty-one dpi, the plants showed extensive leaf bleaching in the third to fourth leaves above the inoculated leaves and variegation of green and white leaf sectors in further upper leaves (Fig.  3) . On the other hand, PVX-GFP-infected plants showed only mild mosaic symptoms (Fig. 3) . The degree of VIGS varies with the distance from the leaf used for inoculation of virus transcripts, and was reported to be highest on the third and fourth leaf above the inoculated one (Romeis et al. 2001) . Thus, we believe that the leaf bleaching in PVX.FtsH-infected plants was in fact caused by VIGS of FtsH.
Confirmation of gene silencing of FtsH and defense response of FtsH-silenced plants. To determine whether the bleached leaf phenotype was caused by reduction in FtsH expression, we performed RT-PCR and immunodetection to monitor the levels of mRNA and FtsH protein. The fourth leaf above the inoculated one was used for analysis for mock-inoculated, PVX.GFP-and PVX.FtsH-infected N. benthamiana plants. FtsH mRNA levels were determined by RT-PCR using gene-specific primers that amplify the fragment corresponding to the N-terminal region of the FtsH protein (Fig. 1A, 1B ; Seo et al. 2000) . FtsH mRNA accumulation could be detected in mock-inoculated and PVX.GFP-infected plants, but was absent from PVX.FtsH-infected plants (Fig. 4A) . This result unequivocally demonstrates that bleached leaf phenotype of PVX.FtsH-infected plants was caused by gene silencing of FtsH. Immunodetection using anti-FtsH antibody detected FtsH protein in mockinoculated and PVX.GFP-infected plants, but not in PVX.FtsH-infected plants (Fig. 4B) .
We assume that VIGS of FtsH caused the reduction in FtsH protein, and that bleaching phenotype developed in the leaf segments where the FtsH protein level dropped below a certain threshold. In other words, we hypothesize that FtsH protein level should be low even in non-bleached green tissues after the onset of VIGS of FtsH. To determine the function of FtsH in plant defense, we also examined the effect of FtsH silencing vis-à-vis pathogen infection with TMV and a fungus, Botrytis cinerea. Twenty-one days after inoculation with PVX.FtsH and PVX.GFP, plants were challenged by TMV and B. cinerea. Four days later, accumuation of TMV in the leaves as well as the size of water-soaked B. cinerea-caused disease lesions was measured. TMV accumulation levels and the size of disease lesions caused by B. cinerea showed no marked differences between FtsH-silenced leaves and PVX.GFPinfected leaves (data not shown).
DISCUSSION
To examine the function of FtsH gene in plant defense, we used VIGS as a reverse genetics approach to silence FtsH. In a previous report, using a tobacco cultivar with N gene, a resistance gene against TMV, transgenic plants were generated expressing antisense NtFtsH cDNA causing reduction in the level of endogenous NtFtsH message. When challenged with TMV, FtsH antisense transgenic plant exhibited faster HR development and more enhanced resistance to TMV as compared to those in wild type plant (Seo et al. 2000) . Therefore, we expected that FtsH-silenced N. benthamiana plants should develop spontaneous lesions and show resistance to leaf pathogens. The FtsH-silenced plants showed expected striking bleached leaf phenotype (Fig. 3) , but no resistance to TMV and B. cinerea. These results indicate that steady-state expression level of FtsH does not affect the development of HR or resistance to pathogen in N. benthamiana plants.
Molecular cloning of the gene responsible for a variegated phenotypes in A. thaliana mutant (var2) showed that the mutated gene encoded FtsH homologue (Chen et al. 2000; Takechi et al. 2000) . Resulting leaf variegation was shown to be due to impaired thylakoid membrane biogenesis (Chen et al. 2000) . In our results, FtsHsilenced N. benthamiana plants showed extensive bleaching and some variegation on the leaves reminiscent of var2 mutant phenotype of A. thaliana. Another group has demonstrated that a thylakoid FtsH homologue FtsH1 in A. thaliana (Lindahl et al. 1996) is involved in the degradation of PSII reaction-center protein D1 in vitro (Lindahl et al. 2000) . We have not examined the accumulation of D1 protein and its subsequent cleavage yet, but it is possible that FtsH-mediated degradation of D1 and its turnover was reduced in FtsH-silenced N. benthamiana plants. Nevertheless, as exemplified by the present work, the use of VIGS is an attractive way to rapidly dissect such a complex system in planta.
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